sur0B20 is a mutation that suppresses the effects of spo0B⌬B or spo0F221 mutations in Bacillus subtilis. sur0B20 is an allele of the spo0A gene (Glu-14 to Val-14 conversion) and restores the sporulation of spo0B or spo0F mutants to the wild-type level. Here, we report the isolation of suppressor mutations of sur0B20 (ssb). One of these mutations, ssb-12, severely impairs the suppressor activity of sur0B20. A 2.5-kbp MboI fragment which complements the ssb-12 mutation was cloned by the prophage transformation method using CM as a vector. Nucleotide sequencing of the fragment revealed two open reading frames (orf1 and orf2). Gene disruption and complementation experiments showed that orf2 is the ssb gene. ssb was shown to encode a protein with a molecular weight of 48,846 (428 amino acid residues) showing strong similarity to transmitter kinases, especially KinA, of two-component regulatory systems. Therefore, ssb was renamed kinC. Deletion of kinC had no observable effect on sporulation. kinC transcription was induced at the onset of sporulation, probably from a A -dependent promoter, and its expression was shut off at T 3 . DNase I protection experiments showed that the Spo0A protein binds to two adjoining sites in the kinC promoter region with different affinities. These results suggest that kinC expression might be regulated by Spo0A.
The initiation of sporulation in Bacillus subtilis is induced by nutrient deprivation and is dependent on at least eight sporulation genes, spo0A, spo0B, spo0E, spo0F, spo0H, spo0J, spo0K, and spo0L (7, 12) . The spo0A and spo0F products (8, 19, 37, 42) are homologous to the response regulators of two-component regulatory systems (4, 35) . KinA and KinB are histidine protein kinases that serve as sensor proteins at the initiation of sporulation (1, 24, 38) . Unlike most two-component systems, however, the system that controls the initiation of sporulation is a multicomponent phosphorelay (5) . In this system, the phosphate of the autophosphorylated KinA (and other histidine kinases) is transferred sequentially to Spo0F and Spo0B and, finally, to Spo0A, a transcription factor (5) . Activation of the phosphorelay requires multiple signals: nutritional signals (33) , cell density signals (10) , and DNA synthesis signals (15, 16) , presumably allowing the cell to sense and integrate varied information before stimulating phosphorylation of Spo0A (17) .
To clarify the interaction of spo0 gene products, suppressor mutations of spo0B and spo0F mutations have been isolated and characterized (13, 18, 23, 30, 31, 34) . It was shown that these mutations are located in the N-terminal conserved region of Spo0A, and that these mutants do not require nutritional signals (23) or DNA synthesis signals (15, 16) for sporulation. We have characterized the sur0B20 mutation, which suppresses spo0B, spo0E, spo0F, and spo0K mutations and which has a Glu-14 to Val conversion in the spo0A gene (31) .
We report here the isolation and characterization of the ssb-12 mutation, which counteracts the effect of the sur0B20 mutation. Cloning and sequencing studies showed that the ssb gene encodes a protein that is homologous to transmitter kinases.
MATERIALS AND METHODS
General method. The bacterial strains used in this study are listed in Table 1 . Transformation of B. subtilis was performed according to the method described by Dubnau and Davidoff-Abelson (6) . The efficiency of sporulation was measured by growing B. subtilis cells in Schaeffer medium (28) at 37ЊC for 24 h. The number of spores per milliliter of culture (CFU) was determined as the number of heat-resistant (85ЊC for 10 min) colonies on tryptose blood agar base (TBAB) (DIFCO) plates.
Plasmids and phages. The plasmids and phages used in this study (see Fig. 1  and 5 ) include the following. CMssb is a derivative of CM (29) carrying a 2.5-kbp MboI fragment of B. subtilis chromosomal DNA which complements the ssb-12 mutation. Plasmid pUC3.0 is a derivative of pUC118 carrying the 2.8-kbp BglII fragment from CMssb (as described below). Plasmid pUC4-11 is an exonuclease III deletion derivative of pUC3.0 harboring the fragment from nucleotides (nt) 119 to 1769 (BglII site; see Fig. 2 ). The cat gene cassette from pCBB31 (39) was inserted into the HincII site of pUC4-11 to create pUC⌬ORF1. The Erm r cassette fragment from pAE41 (39) was inserted into the BglII site of pUC55 to create pUC55E. Plasmid pUC55 is a derivative of pUC119 carrying the HincII-MboI region of CMssb. orf1::cat and kinC::erm mutants were constructed by transforming B. subtilis cells with ScaI-digested pUC⌬ORF1 and pUC55E plasmid DNA. pCX0.7 is a derivative of the integrative plasmid pCX19 (39) carrying a PstI-BglII fragment. The plasmids pCX1213HB, pCX783BM, pCX722Ev, and pCX483HP are pCX19 derivatives containing the orf1 and ssb (kinC) fragments (see Fig. 5 ). Phages CM3.0 and CM4-11 are CM (29) derivatives carrying the same fragments with pUC3.0 and pUC4-11. CM2.4 is a derivative of CM containing the fragments shown in Fig. 1 . Phage ED411, which was constructed by Yamada (39) , contains the erythromycin resistance (Erm r ) gene. It is a derivative of the B. subtilis phage 105DI:1t (9) and was used for prophage transformation.
Isolation of suppressor mutants from BR20. BR20 (Spo ϩ spo0B⌬B sur0B20 [31] ), a suppressor mutant of HUSB1 (Spo Ϫ spo0B⌬B), was inoculated into Penassay broth medium (4 g of nutrient broth [DIFCO], 2.5 g of tryptone [DIFCO], 1 g of glucose, 3.5 g of NaCl, 3.68 g of K 2 HPO 4 , and 1.32 g of KH 2 PO 4 per liter) at an initial density of 10 Klett units (filter 66) and grown until T 0.5 (0.5 h after the initiation of sporulation) at 37ЊC with shaking. Samples (100 l each) were plated on Schaeffer sporulation plates. To facilitate the isolation of mutants, cells were irradiated under a 20-W UV light for 10 s at a distance of 20 cm. The overall survival rate was 0.001%. Spo Ϫ colonies (pale white) were detected among the sporulating brown colonies after 2 days of incubation at 37ЊC. Suppressor mutants (SSB mutants; suppressor of sur0B20) of the sur0B20 mutation were selected from these Spo Ϫ mutants by recovery of sporulation with 11spo0B-1 phages (11). DNA sequencing. The nucleotide sequence was determined by the dideoxy chain termination method (27) using the Taq dye primer cycle sequencing kit and ABI 373A DNA sequencer (Applied Biosystems). To determine the ssb-12 mutation site, ssb-12 alleles were amplified from the chromosome by PCR using two synthetic primers, SSB12F (5Ј-AAAACGACGGCCAGTGCGTGCCAATTTT TGATTAC-3Ј) and SSB12R (5Ј-GAAACAGCTATGACCAAGCCAACATC CAGACACTT-3Ј) (see Fig. 2 ). These primers contained an additional 15-nt sequence at their 5Ј ends which enables annealing with sequencing primers used in order to determine the sequence directly from the ends of the PCR products (22) .
Primer extension. RNA was isolated from sporulating cells as described by Igo and Losick (14) , and 15 g of RNA was used in each primer extension reaction. The primer used in the primer extension reaction had the following sequence: 5Ј-AACAGGCCAATTAATCGGGT-3Ј (SSBP3; see Fig. 2 ). The extension reaction was carried out with RAV-2 reverse transcriptase (Takara) as described by Sambrook et al. (26) .
Gel retardation assay of the phosphorylated Spo0A protein. The purification and the phosphorylation of Spo0A with EnvZ were carried out as described by Asayama and Kobayashi (2) . Purified EnvZ protein was kindly donated by T. Mizuno. The phosphorylation and binding reaction buffer contained 50 mM Tris-HCl (pH 7.9), 0.5 mM EDTA-2Na, 150 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 10% glycerol (vol/vol), 100 g of bovine serum albumin per ml, and 20 g of poly[d(I-C)] (Pharmacia) per ml. Eight microliters of a solution containing 0.1 mM ATP and EnvZ protein (0.3 g) and Spo0A protein (0 to 0.5 g) was added to 2 l of the 5ϫ phosphorylation and binding buffer (final volume, 10 l). The phosphorylation reaction of Spo0A was carried out at 37ЊC. After 5 min, about 20 nmol of probe DNA was added and the mixture was incubated at 37ЊC for 15 min prior to loading onto a gel. Electrophoresis was carried out on 4% polyacrylamide gels in 1ϫ TAE (6.7 mM Tris-HCl [pH 7.9], 3.3 mM sodium acetate, 1 mM EDTA). The 335-bp PCR product (generated with primers SSB12F and SSB12R) was digested with NdeI and used as a probe (see Fig. 7 ).
DNase I footprinting. The PCR product synthesized with primers SSBP1 (5Ј-TGGAAATGATACGAGCTTGA-3Ј) and SSBP2 (5Ј-AAGGCGGAGTG ATATCATCT-3Ј) (see Fig. 2 ) was labeled with [␥-32 P]ATP. This fragment was subsequently digested with EcoRV (top strand) or AluI (bottom strand) to generate unique end-labeled probes. A total of 50 l of each DNA binding mixture was prepared and incubated as described for the gel retardation assay. For DNase I footprinting, 2 U of DNase I (Pharmacia) was added and incubation was continued at room temperature for 1 min. The reaction was terminated by adding 100 l of DNase I stop solution (100 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1% sodium dodecyl sulfate, 10 mM EDTA, 25 g of sonicated calf thymus DNA per liter).
Nucleotide sequence accession number. The nucleotide and amino acid sequence data reported in this study will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases with the accession number D37798.
RESULTS

Isolation of pseudorevertants of BR20.
In order to characterize the mechanism by which the sur0B mutation suppresses the sporulation defect of a spo0B null mutation, pseudorevert- ing mutations for sur0B20 were isolated after UV irradiation of BR20 (spo0B⌬B sur0B20 Spo ϩ ) as described in Materials and Methods. Among 4,000 survivors, 30 pale white, Spo Ϫ mutants were found. To distinguish pseudorevertants from isolates in which a new spo mutation had arisen, the Spo Ϫ mutants were each infected with the specialized transducing phage 11spo0B-1, carrying the wild-type spo0B gene (11) . A new spo mutant would remain Spo Ϫ after infection, but a pseudorevertant would become Spo ϩ . (The phage would complement the spo0B⌬B mutation, thereby making the sur0B20 mutation and any pseudorevertant of it irrelevant.) When the wild-type spo0B gene was introduced into the 30 possible pseudorevertants, the ability to sporulate was recovered in four isolates.
One of these isolates, SSB12 (suppressor of sur0B), was analyzed genetically. The sporulation of BR20 (2.7 ϫ 10 8 spores per ml) was reduced to 90 spores per ml by the new mutation in SSB12 (Table 2 ). PBS1 transduction crosses (40) showed that the ssb-12 mutation was located near the spo0B region in the B. subtilis chromosome (32) .
Cloning and sequencing of the ssb gene. The ssb gene was isolated from a genomic library constructed with the phage vector CM derived from 105 (29) . Chromosomal DNA of strain BR20 was partially digested with MboI, size fractionated to 2 to 4 kbp, cloned into the BamHI site of CM, and used to transform strain SSB12(ED411) to Spo ϩ by prophage transformation. One such recombinant phage, CMssb, that was capable of complementing the ssb-12 mutation contained a 2.5-kbp B. subtilis chromosomal DNA insert. The 2.5-kbp insert of CMssb was sequenced and found to contain two open reading frames, orf1 and orf2, in the same orientation ( Fig. 1  and 2 ). Complementation and gene disruption experiments showed that orf2 is the ssb gene ( Fig. 1; Table 2 ). The ssb gene encodes a protein of 428 amino acid residues with a predicted molecular weight (M r ) of 48,846. The amino acid sequence of Ssb was analyzed by the SWISS PROT PROTEIN database. The C-terminal half of the Ssb protein was found to be similar to those of transmitter kinases, especially KinA, of two-component regulatory systems (1, 24) . The alignment of the deduced amino acid sequence of Ssb (KinC) with KinA and KinB (38) is shown in Fig. 3A . The C-terminal region of Ssb contained the residues conserved among bacterial histidine protein kinases, including the autophosphorylation site, His-224, and the glycine-rich region, DEGNG (residues 363 to 367) and GTGLG (residues 387 to 402) (4, 35) . These results strongly support the view that Ssb is a transmitter kinase. Therefore, ssb was renamed kinC. The hydropathy profile of the KinC protein showed that KinC has two transmembrane domains in its N-terminal region (Fig. 3B) , and that the C-terminal region of KinC is very similar to that of KinA (Fig. 3B) .
orf1, located upstream of the kinC gene, codes for a protein of 92 amino acid residues (M r , 10,255). To our surprise, the orf1 product was highly similar to AbrB, a transition state regulator (25) (Fig. 4) . Disruption of orf1 did not affect growth, sporulation, competence, and degradative enzyme production (data not shown). Immediately downstream of orf1 is a sequence that resembles a typical -factor-independent terminator (nt 732 to 766; ⌬G of Ϫ24.8 kcal [103.8 kJ]/mol), suggesting that kinC is not cotranscribed with orf1.
Location of the ssb-12 mutation. In order to determine the approximate location of the ssb-12 mutation, integrational mapping was carried out. Spo ϩ transformants were obtained upon integration of pCX1213HB into strain SSB12, indicating that the ssb-12 mutation was located between the HincII and BglII sites (Fig. 5) . Spo ϩ transformants were also obtained upon integration of pCX483HP and pCX722Ev. These results suggested that the ssb-12 mutation lies between the EcoRV and PstI sites (Fig. 5) . As a result, we sequenced this region of the SSB12 chromosome using two oligonucleotides (SSB12F and SSB12R) and observed that the ssb-12 mutation is a deletion mutation of the kinC promoter region from positions Ϫ50 to Ϫ18 (Fig. 2 and 5) .
Phenotypic effects of gene disruptions. In order to define the role of the kinC gene in sporulation, we constructed a kinC::erm mutant using the plasmid pUC55E. Although there is a slight difference between the kinA kinC double mutant and the kinA mutant, the sporulation efficiencies of kinC and kinB kinC mutants were similar to that of the wild type (Table 3) a dramatic effect on sporulation (Table 4 ) (18). These results suggest that kinC is dispensable in the wild-type strain but that it is required for sur0B20 (Spo0A, Glu-143Val-14) and sof-1 (Spo0A, Asn-123Lys-12) mutants to sporulate in the absence of spo0B or spo0F.
Expression of the kinC gene. By primer extension mapping, the start site for kinC transcription, timing, and the level of kinC expression were determined (Fig. 6 ). The expression of kinC is induced after the onset of sporulation and shut off at T 3 . The Ϫ10 region, TACAAT, is similar to the consensus sequence (TATAAT) of A -dependent promoters (21), but there is no suitable sequence at Ϫ35 (Fig. 2) . This result suggests that kinC expression may require another factor in addition to holoenzyme E A . We found that the sequence of positions Ϫ24 to Ϫ18 is identical to the Spo0A binding site (0A box; TGTCGAA) (3, 36) . As a result of this observation, we analyzed kinC expression in spo0A mutant. In the spo0A mutant, the level of kinC transcription was reduced and the kinC transcript was present until at least T 3 (Fig. 6) .
Spo0A protein binds to the kinC promoter region. We examined whether spo0A directly regulates the expression of kinC by using gel retardation assays. Figure 7 shows that the Spo0A protein binds to the fragment containing the kinC promoter region in a specific manner. DNase I footprinting analysis was performed to determine the Spo0A binding sites in the kinC promoter region. As shown in Fig. 8A , the Spo0A protein binds two adjacent sites with different affinities. The highaffinity site, site 1, positioned at Ϫ30 to Ϫ13, contains the 0A box. The low-affinity site, site 2, is located at positions Ϫ12 to Ϫ1 and overlaps the Ϫ10 region (Fig. 8B) . The location of two Spo0A binding sites suggests that Spo0A regulates kinC expression through direct binding to the kinC promoter region.
DISCUSSION
In wild-type strain UOT0531, Spo0A protein is activated by phosphorelay. KinA and KinB participate in this pathway. Since Trach and Hoch (38) found that a kinA kinB double mutant has no sporulation activity, the kinC gene described in this study may not play any important role in the phosphorelay process. In addition, the observation that the spo0B deletion mutant HUSB1 also does not have any sporulation activity suggests that KinC cannot activate the Spo0A protein either directly or indirectly through a pathway other than phosphorelay. Strain BR20, which has an altered Spo0A protein (Glu143Val-14) in addition to a deletion of spo0B, sporulates normally. This result suggests at least two possibilities. First, it is possible that the altered Spo0A protein has an active conformation without phosphorylation. The second possibility is that the altered Spo0A can become phosphorylated by a sofar-unrelated protein kinase, or that it is directly phosphory- The primer extension analysis showed that kinC expression is induced at the onset of sporulation and shut off at T 3 . Upstream of the transcriptional start site, there is a sequence (TACAAT) which is similar to the Ϫ10 consensus sequence of A -dependent promoters, but there is no suitable sequence at position Ϫ35. This result suggests the involvement of an additional factor in the kinC expression. We showed that kinC transcription decreases but is not stopped at T 3 in the spo0A mutant, and that the Spo0A protein binds to two adjacent sites (site 1, positions Ϫ30 to Ϫ13; and site 2, positions Ϫ12 to Ϫ1) at different affinities. These results suggest that Spo0A regulates the expression of kinC. The different affinities of Spo0A for the two sites (Fig. 8) , the results of the primer extension analysis (Fig. 6) , and the observation that spo0A expression increases after T 0 (41) lead us to the following hypothesis. After the concentration of Spo0A (probably phosphorylated Spo0A) starts to increase at T 0 , Spo0A binds only to site 1, the high-affinity site, and stimulates kinC expression. When the concentration of Spo0A reaches a high level, Spo0A starts to bind to site 2, the low-affinity site, and represses kinC expression. At low concentrations, Spo0A functions as an activator of kinC expression at the initiation of sporulation, whereas at high concentrations, Spo0A functions as a repressor at T 3 . However, this model does not explain the observation that the expression of kinC starts at T 0 in the spo0A mutant, although its level of expression remains low. It is a possibility that additional Spo0A-independent regulation for kinC expression exists.
The role of kinC in the wild-type strain is still unknown. Although the deletion of kinC has little effect on sporulation, the regulation of kinC expression suggests that kinC has a role in sporulation. We could not rule out the possibility that kinC plays a role in another stationary-phase phenomenon. However, the deletion of kinC has no effect on competence or degradative enzyme production (data not shown). Further work will be required in order to examine the function of kinC.
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